The importance of using a comprehensive suite of tools for the validation of a gyrokinetic code is described. This is detailed by presenting experimental wavenumber spectra which show pronounced differences, although they are measured at the same toroidal, poloidal and radial location. They are obtained via Doppler reflectometry and the differences are due to the probing beam polarization. These differences are reproduced convincingly using turbulence from a gyrokinetic simulation as input for two-dimensional full-wave simulation. It is demonstrated that the application of synthetic diagnostics is indispensable if non-trivial diagnostics are used in the experiment. Furthermore, the measurement of wavenumber spectra via Doppler reflectometry with X-mode probing beam polarization might be problematic due to nonlinear wave-plasma interactions and should be regarded with care when used for quantitative statements or the validation of gyrokinetic codes.
I. INTRODUCTION
A profound understanding of plasma turbulence is of major importance for magnetically confined fusion plasma research and projections toward next-step fusion devices such as ITER or DEMO. Since turbulence impacts the transport properties of a fusion plasma, it is a key player for determining the energy and particle fluxes and thus dictates the shape of the final density and temperature profiles, which -together -set the confinement and thus the efficiency of the fusion reactor.
Hence, not only for the understanding and interpretation of observations from today's magnetically confined plasmas, but also for predictions for future devices, numerical simulations have become one of the most important tools. While the verification of the mathematical validity of codes is in an advanced state today [1] [2] [3] [4] [5] [6] , a careful validation including turbulence measurements and their comparison to nonlinear simulations, is an ongoing effort. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Fluctuation wavenumber spectra contain a variety of information about underlying linear microinstabilities and energy transfer mechanisms. In magnetic confinement fusion research, typically two-dimensional (2D) turbulence is observed due to the strong anisotropy in perpendicular and parallel directions to the magnetic field, k ⊥ ≫ k [18] . In a simple, yet instructive 2D neutralfluid Navier stokes turbulence picture, energy is injected into a 2D system at a spatial scale k i . The "pool", into which energy can be distributed, is determined by the boundaries set by the system size k sys at large scales and by the dissipation scale k diss at small scales, such that for standard considerations k sys < k i < k diss holds. In this simple picture, the initially energy-free scales between the characteristic scales are called inertial ranges. As energy is injected into the system, it is transferred toward k sys (energy cascade or inverse cascade) and k diss (enstrophy cascade). The efficiencies of these cascades differ for neutral-fluid Navier-Stokes turbulence, such that the inertial ranges can be characterized by different spectral indices. For a review on 2D turbulence and wavenumber spectra, see Ref. [19] .
However, different from neutral-fluid Navier-Stokes turbulence, in magnetic confinement fusion research, several species (ions, electrons, impurities) are fluctuating, which interact due to their charges, in a magnetic field which can also become fluctuating. The dimensionality of plasma turbulence is higher than in Navier-Stokes turbulence. Hence, dissipation channels and cascades can also exist in velocity space. Furthermore, more than one energy injection scale can exist if several unstable modes are present. It is thus not surprising that the simple neutral-fluid picture is not expected to carry over exactly to the wavenumber spectra of a magnetic confinement fusion experiment. In fact, several theories have been put forward that result in a variety of spectral indices. These theories are based on many different mechanisms such as nonlinear phase mixing [20] , three-dimensional effects [21] , nonlinear energy transfer into damped eigenmodes [22] , disparate scale interactions (non-local in k-space) [23] , predator-prey dynamics [24] , or the coexistence of dissipation or damping and turbulence drive [25, 26] . The wavenumber spectrum of a magnetic confinement fusion experiment has many degrees of freedom, and it is a very challenging (and potentially very rewarding) task to validate gyrokinetic simulations through wavenumber spectra [27] . It is important to stress that heat fluxes, which are normally used to consider whether a gyrokinetic simulation describes an experimental situation sufficiently well, are 1D quantities and as such much less stringent than the wealth of information obtained when measuring a wavenumber spectrum. Note that research into wavenumber spectra and validation of gyrokinetic simulations is also an active field in astrophysical plasma research [28] [29] [30] .
The fluctuation wavenumber spectrum can be measured with a variety of diagnostics; the most direct measurement is based on wave scattering [31] [32] [33] [34] [35] [36] . Another advanced method is Upper Hybrid Resonance backscattering [37] . This work concentrates on the wavenumber-resolved measurement of density turbulence, obtained with Doppler reflectometry (also called Doppler backscattering) [38, 39] . By scanning the perpendicular wavenumber of density fluctuations, this diagnostic is suited to measure wavenumber spectra [38, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . However, it has been pointed out that the validity of turbulence amplitude measurements could be affected by the microwave polarization. In particular, for a given density gradient length, theory predicts that nonlinear effects are encountered for X-mode polarization at lower turbulence levels than for O-mode polarization [54, 55] . Since the diagnostic response can be linear, nonlinear, or even saturated, it is indispensable to use a reliable synthetic diagnostic for validation studies. In the present paper, this is done via 2D full-wave analysis, which has been applied since more than a decade to study the complex plasma-wave interactions pertaining to Doppler reflectometer measurements [56] [57] [58] [59] [60] [61] .
Experiments have been conducted on the ASDEX Upgrade tokamak (AUG). The experimental wavenumber spectra are measured with Doppler reflectometry in X-mode and O-mode wave polarizations at the same toroidal, poloidal and radial location. To our knowledge, this is the first time such a study has been conducted with Doppler reflectometry. Different spectral shapes were observed on Tore Supra in O-and X-mode at different locations, overlapping not being possible due to the strong magnetic field [62, 63] . The experimental wavenumber spectra are compared to corresponding ones obtained via local nonlinear gyrokinetic simulation of the respective position in the plasma with the flux-code version of the Gene code [64] . The simulated density turbulence field is used as input to the 2D version of the finite difference time domain full-wave code IPF-FD3D [59] , which has been adapted to the ASDEX Upgrade geometry [65] . The resulting wavenumber spectra are then compared to the experimental spectra. This paper is organized as follows. Sections II and III introduce the experiment and the measured wavenumber spectra, respectively. These results are followed by the corresponding numerical simulations in Sec. IV, which are put into context in a discussion in Sec. V, followed by a short summary and conclusions in Sec. VI.
II. EXPERIMENTAL SETUP
In order to have the most reliable wavenumber spectra comparison from Doppler reflectometers measuring in X-and O-mode, three different reflectometer channels were connected to the same steerable Doppler antenna front-end [66] . The two channels used in X-mode configuration with frequencies in the W-band ( f = 75 -110 GHz) have a different backend [41, 67] ; the V-band channel (( f = 50 -75 GHz) installed in O-mode has a scheme similar to one of the W-bands [67] .
Since the cutoff-density of X-mode polarization is lower due to the magnetic field dependence of the X-mode cutoff, the different frequency ranges, in combination with the polarization configuration, enables the measurement of wavenumber spectra at the same toroidal, poloidal and radial position, but with X-and O-mode configuration.
Since different frequencies are employed, the beam sizes at the cutoff layer are different between O-mode and X-mode probing. In particular, the beam sizes (1/e radius of electric field amplitude) are 2.8 cm and 1.9 cm for O-mode and X-mode, respectively. The radius of curvature of the cutoff layer at the measurement position is 62 cm, which results in spectral resolutions of ∆k ⊥ = 2.1 cm −1 (O-mode) and ∆k ⊥ = 2.3 cm −1 (X-mode). These estimates have been obtained following Ref. [68] . The spectral resolutions are not substantially different, such that the wavenumber spectra obtained in the following can be compared without further complications. In the full-wave simulations in Sec. IV B, the above beam sizes (and thus spectral resolutions) are electron cyclotron resonance heating (ECRH, 0.45 MW). With USN configuration, these plasmas usually stay in L-mode, since the input power is below both I-mode and H-mode power thresholds [69, 70] . Fig. 1(a) shows the electron density profile. Grey points indicate measurements obtained via the Thomson scattering (TS) [71] and lithium beam [72] diagnostics. The solid line shows the fit to the data, which is also used as input density profile for the Torbeam beam-tracing code [73] and the gyrokinetic simulations presented in Sec. IV A. For the fit, a modified tanh was used, and the resulting radial uncertainty is ∆ρ pol < 0.01. The electron temperature profile is depicted in Fig. 1(b) . Measurements are shown in grey and were obtained with TS and electron cyclotron emission (ECE) [74] systems. The fit (solid line) is a polynomial of third degree.
The perpendicular wavenumbers of turbulence k ⊥ probed by the Doppler reflectometer are plotted in Fig. 1(c) . They are obtained using Torbeam, their uncertainties due to the density profile uncertainties are smaller than 0.2 cm −1 . The radial extent is mostly due to the frequency sweeps in the reflectometers while the k ⊥ variation is achieved by scanning the angle of incidence of the probing beam, which is done through a steerable mirror. Both X-mode (red, black) and O-mode (blue) measurements are indicated. To get a radial overlap of measurements, the frequencies used were 94.9 -99.8 GHz (X-mode) and 62.0 -66.8 GHz (O-mode). It can be observed that although the X-mode frequency span is comparable to the one of the O-mode, the radial extent of the measurement points is smaller, which is due to the magnetic field dependence of the X-mode cutoff. Furthermore, the O-mode covers a smaller wavenumber space, which is explained by the fact that k ⊥ probed by Doppler reflectometry depends on the vacuum wavenumber of the probing beam k ⊥ ∝ k 0 , which is lower for the O-mode measurements due to the lower frequencies employed. The best combination of overlap in radius and k ⊥ -space is obtained in the radial region of ρ pol = 0.80 -0.85, which will be used for further analysis of wavenumber spectra and numerial simulation in the remainder of this paper. Fig. 1(a) . Furthermore, the radial region determined in Fig. 1(c) is indicated in green.
The fact that the measurements are located in the upper part, roughly 30 cm above the midplane, has to be considered when comparing results to numerical simulations, which are presented later.
Typical frequency spectra obtained in X-mode and O-mode probing beam polarization are depicted in Fig. 3 v ⊥ = 2π f D /k ⊥ obtained should be comparable. Calculation yields v ⊥ = 2.94 ±0.10 km/s (X-mode) and 2.87 ± 0.10 km/s (O-mode). An interesting observation is that although the spectral resolution is comparable, the X-mode Doppler peak is about 50% wider than the O-mode peak. This could be indicative of the X-mode probing in nonlinear regime and will be commented on in Sec. V.
III. WAVENUMBER SPECTRA
The wavenumber spectra obtained with the measurements presented above are shown in Fig. 4 .
The values are obtained by fitting a Gaussian to the asymmetric part of the power spectrum [75] .
This gives the area under the Doppler shifted peak, which is proportional to the turbulence level.
The probing beam frequencies used are 96.9 -99.8 GHz (X-mode) and 62.0 -66.8 GHz (O-mode).
It should be pointed out that all spectra are from independent reflectometer electronics which share the same antennas for emission and reception. Since the Doppler channels do not deliver absolute density fluctuation levels, the spectra have been offset vertically in order to facilitate their comparison. The two spectra obtained in X-mode are shown in red and black, the one in O-mode is shown in blue. The first salient feature is the difference between the measured spectra, especially between O-mode and X-mode, although they still display a common behavior: the power spectral density falls off at a higher rate in the high k ⊥ range than at low k ⊥ . Two power laws can roughly be fitted to the measurements on both sides of a 'knee', which appears at different positions for O-mode and X-mode. The X-mode spectra exhibit a flat region at low k ⊥ up to about k ⊥ = 9 cm by the ad hoc choice of the 'knee' position and the density profile used for the ray tracing, are not taken into account here. Hence, although strictly speaking the spectral indices at high k ⊥ are different when considering their statistical uncertainties, it is assumed that the two X-mode spectra are identical and the differences are caused by systematic but small uncertainties. It has to be noted that some measurements at low k ⊥ for X-mode 1 have been obtained with a partly saturated data acquisition system, which can be observed by the flat upper boundary of the measurements and the smaller data spread. This spread comes from the fact that with slightly higher probing frequency, the reflectometer measures slighlty further inside the plasma, where the turbulence level is lower. Since measurements here are taken from a radial range of ρ pol = 0.80 -0.85, this effect is indeed visible. Nevertheless, the acquisition saturation is minimal and should not affect the wavenumber spectrum measurement by more than 2 dB. It should be stressed again that two different reflectometer back-ends have been used, one designed by IPP [41] and one by LPP [67] .
The fact that the spectral shape is similar gives confidence in the reliability and reproducibility of the measurement.
In O-mode, two different spectral indices are observed, which are separated at a wavenumber of
Interestingly, the region at low k ⊥ is not flat as for the X-mode measurements, but it exhibits a spectral index of α = −2.2 ± 0.2. The spectral index in the high-
is with α = −7.2 ± 0.3 significantly more pronounced than in the X-mode spectra.
The flat region at low k ⊥ in the X-mode measurements seems to result from a saturation of the scattering response in X-mode, supported by the fact that the O-mode spectrum shows a finite spectral index of α = −2.2 in the same low k ⊥ range. Nonlinear processes are indeed expected to appear for lower turbulence levels when probing fluctuations with X-mode polarization [54, 76] .
This should also result in a shift of the knee position to higher k ⊥ . More details and quantitative statements can be found in Sec. V.
The knee position, separating the regions of different spectral index, appears indeed at lower k ⊥ for the O-mode than for the X-mode, that is, slightly lower than k ⊥ ρ s = 1 for the O-mode, larger for the X-mode spectra. This spectral fall-off around k ⊥ ρ s = 1 has been observed previously in infrared laser scattering measurements [36] , with spectral indices going from −3 at low k to −6 and more at higher k. In these experiments, the scattering efficiency is not expected to be affected by refraction processes during the wave propagation. This knee could suggest that while the linear growth rates might peak at larger scales, the fully developed turbulence could obtain its energy from the gradients through vorticity dynamics, which results in energy input close to
. This is the case when the turbulent structures themselves extract energy from density and temperature profiles. Another possible explanation could be a transition from one regime of spectral energy transfer, incorporating critical balance between parallel and perpendicular characteristic times at scales k ⊥ ρ i < 1 [21] or energy transfer into damped eigenmodes [22] , to another regime dominated by nonlinear phase mixing at k ⊥ ρ i > 1 [20] . Here, ρ i is the characteristic ion gyroradius. However, instead of the piecewise power law, the data could be fitted by continuous functions, such as exponential [36, 78] or modified power law k
2 [23] . Indeed in tokamak plasmas, the turbulence drive is not expected to be well localized in k-space because of the rich spectrum of instabilities. Wavenumber spectra can significantly depart from usual power laws observed in fluid dynamics, when taking into account the interaction between large scale zonal flows and small scale turbulence [79] .
In the measurements presented in this paper, the higher spectral index at k ⊥ > 8 cm −1 for the Omode spectra than for the X-mode spectra might also be due to the O-mode measuring in the linear regime while X-mode is measuring in the nonlinear or possibly the saturation regime [54, 55] . The interpretation of the above results in terms of linear and nonlinear probing regimes is supported by the fact that the corresponding 2D full-wave simulation results show the same trend, cf Sec. IV B.
A detailed discussion and evaluation of the so-called nonlinearity parameter γ [54] is given in the discussion (cf Sec. V).
IV. NUMERICAL RESULTS
Since both X-and O-mode spectra were measured on the same plasma at the same position, it is highly probable that the pronounced difference of experimental wavenumber spectra in the two probing beam polarizations is a diagnostic effect. In order to prove this statement, turbulence has been generated by gyrokinetic simulation [80] , which is nowadays the most advanced tool for describing core plasma microturbulence. The resulting turbulence field then serves as input for two-dimensional full-wave simulation, which includes all relevant wave physics for the description of the backscattering process used in Doppler reflectometry measurements. As in the experiment, the 2D full-wave simulations are performed in O-and X-mode polarization and then compared to the experimental findings.
A. Wavenumber spectra from gyrokinetic simulation
The theoretical description nowadays considered most appropriate for assessing core plasma microturbulence is the so-called gyrokinetic theory [80] . Over the last decades, a number of numerical implementations of the underlying set of equations has been developed [64, [81] [82] [83] [84] [85] [86] .
Here, the tool chosen for the further evaluation is the gyrokinetic code Gene [64] wave number due to finite turbulence drive at these scales is avoided by gyro-LES methods [89] .
The corresponding density spectrum at zero radial wavenumber and (R, Z) = (2.019, 0.321) m (cf Fig. 2 ) which is a lowest-order approximation of a synthetic Doppler reflectometry can be found in Fig. 5(d) Since the Doppler reflectometer beam has a non-negligible radial size, it will measure the k ⊥ -spectrum around k r = 0 [8, 16, 48, 51] . The closest approximation to that without using a synthetic diagnostic or advanced filtering is the k ⊥ spectrum at k x = 0, which is plotted in Fig. 5 (d-e) .
As in the experiment, two distinct power laws are found with a spectral break that closely resembles the 'knee' point of the O-mode measurement. Investigation into the nature of this knee is ongoing at the moment. As mentioned in Sec. III, it could be a transition from one regime of spectral energy transfer, incorporating critical balance between parallel and perpendicular characteristic times at scales k ⊥ ρ i < 1 [21] or energy transfer into damped eigenmodes [22] , to another regime dominated by nonlinear phase mixing at k ⊥ ρ i > 1 [20] . Although the values of the spectral indices do not agree with the ones derived in the above references, the physics could still play a role and manifest itself in the spectral shape. The spectral indices in Fig. 5 (e) are in good qualitative agreement with the experiment, i.e. the one at higher wavenumbers is about twice as large as the one at low wavenumbers. Quantitatively, some disagreement is left. The power law from gyrokinetic simulation is slightly steeper at low-k ⊥ (-2.2 / -3.6) and more shallow at high-k (-7.2, -6.3) compared to the measurements. In order to assess a possible impact of nonlinearities and saturation on these results, the simulated density fluctuations, which are considered as the "real" spectrum, have been mapped on a torus and translated to the lab frame. They are used as input for further analysis with a full wave code, which produces a synthetic spectrum to be compared with the experiment, as will be detailed in the next section.
B. Two-dimensional full-wave simulation results
The turbulence field obtained via gyrokinetic simulations in Sec. IV A serves as input to the two-dimensional version of the three-dimensional full-wave code IPF-FD3D [59, 65] . As before, to do a meaningful comparison, the same region of the poloidal cross-section as in the experiment has to be probed by the full-wave code. The wavenumber spectra resulting from the full-wave simulations in both O-and X-mode polarization are depicted in Fig. 7 . While the backscattered power is comparable between X-mode and O-mode at low k ⊥ ≈ 3 -4 cm −1 , the wavenumber spectra differ substantially at k ⊥ > 4 cm −1 .
The X-mode spectrum is comparably flat (α = −0.6 ± 0.1) up to a value of k ⊥ ≈ 11 cm −1 , where a weak spectral fall-off with a spectral index of α = −2.3 ± 0.2 starts. In contrast, the O-mode spectrum shows a spectral fall-off at low k ⊥ (α = −1.5 ± 0.1), and exhibits a pronounced fall-off with a spectral index of α = −8.8 ± 0.1 at k ⊥ > 6 cm −1 . Hence, the scales where the spectral fall-off starts (marked 'Knee' in Fig. 7 ) are larger than k ⊥ ρ s = 1 for O-mode and smaller than k ⊥ ρ s = 1 for X-mode. The spectral 'knee', observed in gyrokinetic simulation at k ⊥ ≈ 9 cm −1 (cf Fig. 5(d) ), is recovered in 2D full-wave simulation, but at smaller k ⊥ for O-mode and larger k ⊥ for X-mode. While the knee position at larger k ⊥ in the X-mode case could possibly be explained by a saturation of the measurements at low k ⊥ , it is unclear why the knee is observed at lower k ⊥ for the O-mode case. The origin of this difference between the wavenumber spectrum from gyrokinetic simulation and the one obtained via full-wave analysis is investigated at the moment.
It is obvious that neither the wavenumber spectrum measured with O-mode nor the one measured with X-mode wave polarization reproduces directly the wavenumber spectrum of the in- put (cf Fig. 5 ). The synthetic X-mode spectrum underestimates the spectral fall-off substantially, which is at least in part due to an overestimation of power related to the so-called regimes of nonlinear and saturated probing [55, 76, 90] . Multiplication of the turbulence field by 0.5 and repetition of the simulation run (pink circles) results in slightly less power at high k ⊥ , while low k ⊥ are not affected because they are deeply in the saturated regime. While the spectrum measured in O-mode polarization is not in perfect agreement with the input spectrum either, it gives at least results which are closer to the input spectrum than the spectrum measured in X-mode. For the Omode spectrum, the spectral fall-off at low k ⊥ is underestimated while it is overestimated at high k ⊥ .
Recalling the experimental results (cf Fig. 4 ), the synthetic diagnostic reproduces a variety of effects. It is important to point out again that in both experiment and simulation, the wavenumber spectrum measurement is at the same location, and measurements take place simultaneously, i.e.
the density turbulence probed with O-and X-mode is the same. Several aspects observed experimentally are reproduced in the full-wave simulation: first, the spectral 'knee' is at larger scales for O-mode than for X-mode. Second, a flat part is seen in the X-mode spectrum up to a value of k ⊥ ≈ 12 cm −1 , where the steep spectral fall-off starts. Third, the spectral indices in both low-k ⊥ and high-k ⊥ regions are more pronounced in O-mode than in X-mode. These points convincingly
show that the wavenumber spectra measured in the experiment in X-and O-mode are different due to a diagnostic effect, which is intrinsic to Doppler reflectometry, hence directly reproduced in 2D
full-wave simulations.
V. DISCUSSION
The reliable measurement of wavenumber spectra is of highest importance not only for experimental turbulence investigations, but also for the validation of gyrokinetic codes. However, the results of this paper show that care must be taken when interpreting experimental wavenumber spectra obtained by Doppler reflectometry. The experimental observation of a pronounced difference between wavenumber spectra measured in O-or X-mode polarization from the same antenna at the same toroidal, poloidal, and radial location questions at least the validity of wavenumber spectra measured via Doppler reflectometry in nonlinear probing regimes, which is more likely the case for X-mode probing wave polarization. The measurements presented in this paper have been obtained in the core plasma at ρ pol = 0.80 -0.85. Taking into account that core turbulence levels are expected to be significantly lower than edge turbulence levels, the results of this paper should also be valid for edge Doppler reflectometry measurements.
Using a comprehensive suite of tools for the validation of gyrokinetic codes is important. This is true in particular in cases when diagnostics are subject to non-trivial effects such as plasma-wave interactions, nonlinearities or saturation. In these cases, it is mandatory to use synthetic diagnostics which can model to sufficient degree the complexities of the measurement. In the optimum case, the synthetic diagnostic is able to capture all physics effects with impact on the measurement.
Due to computational time, it is counterproductive to incorporate more into the simulation than needed. In this paper, this situation has been detailed by presenting experimental wavenumber spectra with pronounced differences due to the probing beam polarization. These differences have been reproduced using turbulence from a gyrokinetic code as input for two-dimensional full-wave
simulation.
An evaluation of whether measurements were taken in linear or nonlinear regimes can be obtained via the so-called nonlinearity parameter [54] 
Measurements are taken in the linear regime for γ ≪ 1 or in the nonlinear regime for γ > 1.
Here, δn/n is the turbulence level, ω = 2π f is the probing wave frequency, x c is the distance from plasma periphery to the cutoff layer, l cx is the radial correlation length, and c is the speed of light in vacuum. The quantity G is the polarization-dependent enhancement factor and can be found in
Ref. [91] . Values used for the evaluation of (1) . This is a pronounced difference of more than one order of magnitude and it shows that the measurements have been obtained close to the transition from linear to nonlinear regime in the O-mode while X-mode is more likely to be in the nonlinear or even saturation regime. Hence, it is a parameter regime where strong differences between O-mode and X-mode are to be expected.
An extension to the above formula to include Doppler reflectometry has been proposed [55] which yields a comparable result, with γ X ≈ 10γ O .
A more direct indication that the X-mode system is measuring in the nonlinear regime is provided by the fact that the Doppler shifted component in the X-mode spectrum is wider than the one obtained with O-mode probing beam polarization. This can be seen in Fig. 3 , where the X-mode
Doppler peak is about 50% wider than the O-mode peak, although both systems measure at the same radial position and the spectral resolutions of both systems are comparable. This broadening of the Doppler peak in the nonlinear regime has been predicted theoretically and is strongest for sheared velocity profiles [92] . For the case at hand, the velocity profile is not strongly sheared
). Hence, it should be noted that although existent, the difference in spectrum width is not very pronounced and should be regarded as indicative. The parameter γ and the flatness of the X-mode spectrum at low k ⊥ are clearer signs for the nonlinearity of the measurements.
It is interesting to estimate the required turbulence level δn/n, for which (1) would yield a transition to linear regime for the X-mode measurements. The assumption is made that, apart from the turbulence level, quantities like density profile and magnetic field are fixed, which results in G, ω and x c unchanged with respect to the considerations above. Also l cx is assumed to be fixed. For the X-mode to measure close to the linear regime, i.e. γ X = 1, a turbulence level of δn/n = 0.1% would be necessary, which is a factor 9 lower than the one predicted by the gyrokinetic simulations in Sec. IV A. In principle, one can imagine such low turbulence levels in the core region or in H-mode edge plasmas. It should be emphasized that an estimation of (1) to determine the reliability of wavenumber spectra measurements is strongly recommended.
However, this does not mean that turbulence level measurements with Doppler reflectometry in the nonlinear regime are futile. Important effects such as relative changes can be measured even if a Doppler reflectometer measurement is done at γ > 1. While quantitative statements might be difficult to make, at least qualitative conclusions, such as a reduction of turbulence level at a specific wavenumber or a qualitative comparison of turbulence levels at different wavenumbers, is possible. This is exemplified with the X-mode spectra of Fig. 4 at k ⊥ > 9 cm −1 : the decay with k ⊥ indicates that the measurements are not saturated (assuming the real wavenumber spectrum decays with k ⊥ , which is a reasonable assumption). Although not saturated, these measurements could still originate from the nonlinear regime, which can result in shallower spectral indices compared to the input wavenumber spectrum [55] . In the extreme case of saturation (γ ≫ 1, treated in Ref. [92] ), other effects such as spectrum broadening due to multiple forward scattering or wave trapping can even lead to an inverse response of the Doppler reflectometer [55] , and even qualitative statements cannot be made anymore. This could be the case for the X-mode spectra in Fig. 3 at k ⊥ < 9 cm −1 . These parts of the spectra should be regarded with particular care due to their flatness, which seems to indicate that they are saturated.
It should be pointed out that these results apply to backscattering experiments in which the refractive index approaches zero close to the cutoff layer, where strong plasma-wave interactions take place. These effects are nonexistent in scattering experiments with refractive indices close to unity, as e.g. in far-infrared laser scattering experiments [36] . These diagnostics should not be affected by the issues detailed in this paper.
VI. SUMMARY AND CONCLUSIONS
The process for meaningful wavenumber spectrum analysis, which can contribute to the validation of gyrokinetic codes, has been detailed from measurement, through gyrokinetic simulation, and the application of a synthetic diagnostic. These ingredients are required in order to do meaningful validation studies. This paper details the intricacies when using wavenumber spectra for validation.
In detail, wavenumber spectra have been measured in the ASDEX Upgrade tokamak via Doppler reflectometry in X-mode and O-mode wave polarization. The main experimental findings are a pronounced difference between X-and O-mode spectra and the confirmation of the existence of a knee in the spectra at k ⊥ ρ s ≈ 1.
Accompanying linear and nonlinear local gyrokinetic simulations with the Gene code have been performed. The ion-temperature-gradient mode is the fastest growing mode in the scenario, and the resulting density turbulence wavenumber spectrum is dominated by fluctuations at k ⊥ < 2 cm −1 .
Two regions in the wavenumber spectrum with different spectral energy transfer behavior have been observed. The boundary between these two regions is at k ⊥ ≈ 9 cm −1 . The reason for the existence of these two clearly separated regions is investigated at the moment.
Two-dimensional full-wave simulations are in good qualitative agreement with the experimental measurements, reproducing the experimental observation that X-mode spectra tend to be comparably flat while spectra measured with O-mode wave polarization show a clear spectral fall-off.
Estimation of the nonlinearity parameter γ shows that while the O-mode measurements have been done close to the transition from linear to nonlinear regime, the X-mode measurements have been made in the nonlinear or even saturation regime. When measurements are expected to be in the saturation regime, which can result in flat wavenumber spectra, such measurements should be treated with particular caution.
For experimental turbulence investigations and the validation of gyrokinetic codes in terms of wavenumber spectra, these findings show that Doppler reflectometry in O-mode wave polarization is better suited than in X-mode, which is because of the polarization-dependent enhancement factor G in the nonlinearity parameter (1). However, the better spatial localization makes X-mode better suited for perpendicular propagation velocity measurements. Therefore, the predominant use of a future Doppler reflectometer should be taken into account during its design phase. Diagnostics allowing for both O-and X-mode polarizations are preferable due to their optimum applicability to both wavenumber spectra and turbulence propagation velocity studies.
In terms of gyrokinetic code validation, the most important task of the experimentalist is to provide measurements of different quantities which give the maximum number of restraints on the gyrokinetic code output. These quantities are, apart from wavenumber spectra, density and electron temperature fluctuations and the cross-phases between them, radial and poloidal correlation lengths, and the tilt angle of turbulent structures. To advance these validation studies, a "turbulence comparison discharge" comprising the aforementioned measurements is planned for the next ASDEX Upgrade campaign and will be used as a gyrokinetic code validation discharge.
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